Abstract: CONDUIT is a computer software package. Its purpose is to assist engineers in the design of aircraft control systems. It is menu-driven, interactive, and based on previously developed general software for optimization-based computer-aided design. CONDUIT is presently being used to assist in the design of stability and control augmentation systems at ten organizations.
Introduction:
There has been considerable interest in software for the computer-aided design of control systems for many years. Although there are several software packages for control systems analysis that are available and presumably commercially successful, there have been no comparable success stories in computer-aided control system design. The authors believe CONDUIT is on the verge of changing this. At present, there are ten aircraft control systems design projects on which CONDUIT is being used. These projects are being performed at ten different organizations. These are still test sites in the sense that CONDUIT is being provided at no charge in return for substantial feedback on its use, drawbacks and strengths.
Background:
CONDUIT is a descendant of work on computer-aided design done by Polak, Sangiovanni-Vincentelli, and their students [I] . Their idea was to formulate design problems as multi-criterion parametric optimization problems. Their rationale for this was firstly that real design problems 0-7803-5500-8/99 $10.00 0 1999 IEEE 422 usually involve multiple constraints and multiple performance criteria and secondly that iterative algorithms could be developed to solve such problems on a computer. They further argued that this would provide a natural division of labor between a human designer, who would select the structure of the design, and a computer, which would then optimize the parameters of the design.
In fact, the human designer would have to continually monitor the computer's progress and modify the problem formulation in order to guide the computer to a good solution. The primary reason for this is that the computer needs to work on a problem involving only a single objective at any given instant. It is therefore necessary to combine the multiple performance criteria into a single performance criterion. Any such single objective would depend on the relative weights assigned to the original performance measures and the relative scaling of the original constraints and objective functions. Because the scaling could not be fully known a priori, the human designer would have to readjust the relative weights after each iteration.
Several computer packages to implement this collection of ideas have been developed. These include DELIGHT [2] , ANDECS [3], and CONSOL-OPTCAD [4] . The first step in the development of CONDUIT was a feasibility study of the use of CONSOL-OPTCAD for the design of a stability and control augmentation system (SCAS) for the UH-GOA Rascal rotorcraft [5] . The rationale for the study was that the design of a SCAS fits exceptionally well into the design framework described above. There is a large and complicated set of specifications. The different aircraft companies have different controller structures that they prefer to use. The controllers have many design parameters that need to be at least tuned and preferably optimized.
The feasibility study was a success [SI.
Control system designers were able to produce a satisfactory design in a reasonably short time. Thus, CONSOL-OPTCAD was shown to enhance the productivity of SCAS designers. One negative aspect emerged from the feasibility study. The user of CONSOL-OPTCAD for SCAS design needed to be an expert computer programmer, an expert in optimization, and an expert in control system design. One individual possessing all of this expertise would be rare.
The developers of CONSOL-OPTCAD had assumed that an expert in optimization would work with a programmer to set up the problem for the. Only after a problem was set up would it be given to a designer who would then interact with the computer to solve it. Our experience indicates that this is not the way control designers want to work. They have told us, and demonstrated to us, that they want to be able to set up and change their problems themselves. Therefore, our challenge in developing CONDUIT has been to minimize the computer programming needed to set up a design problem and to minimize the optimization expertise necessary to solve it.
CONDUIT overview:
At its heart, CONDUIT includes CONSOL-OPTCAD as the optimization engine. Setting up a problem in CONSOL-OPTCAD requires creation of three items. The first is a computer simulation of the system, including its controller. The second is the selection of design parameters. These must be within the block diagram simulation created in step 1. Third, the user must provide a collection of constraints and objectives (specifications) in a form suitable for computer evaluation. CONDUIT requires that the simulation be done in Sirnulink@ or Matrix-x System Build@. Because Sirnulink@ and System Build@ are block diagram based simulation languages, they are intuitive and easy for aircraft control-system designers to use.
CONDUIT comes with a large collection of aircraft control system specifications already programmed. Please see Fig. 1 for some examples. This collection includes essentially all of the Military requirements for handling qualities for piloted aircraft, both fixed and rotary wing. Examples of these specs are available in references [6, 7] . It also includes many classical servomechanism specifications. The CONDUIT user can import any of these specs into his problem by simply dragging them from the spec library to the Handling Qualities Window that is automatically associated with his problem. Connecting the specs to the simulation is accomplished by means of a menu-driven dialog box-complete with a help button that accesses information on the spec and its use.
Thus, setting up an aircraft control-systemdesign problem in CONDUIT requires essentially no programming and no knowledge of optimization.
A more sophisticated designer, or one with unusual specifications, can create his own specs using a menu-driven interface we call Specmaker. Spec boundaries are easily defined by graphical utilities and spline smoothing. The spec analysis algorithm is coded in a MATLAB window. Once a new spec is created, it is catalogued in a user spec library. The authors also encourage designers to share new specs with other users by adding it to the CONDUIT web site. Running a problem in CONDUIT, as well as entering the set up mode, is accomplished by selection from a menu. Displaying the current value of any spec, the current values of the design parameters, and the supporting data for the evaluation of the specs is also accomplished by selection from a menu. At present, we believe the designer still needs some expertise in optimization to interact most effectively with CONDUIT as it iterates towards a solution to a design problem. We are worlung to minimize this, as will be explained shortly. However, aircraft control system designers have told us that they are using it effectively, successfully, and happily.
A much more detailed description of CONDUIT can be found in [8] or at the web site http://caffeine.arc.nasa.gov/conduit.
Sensitivity Tools:
In order to reduce the optimization expertise needed to run CONDUIT we have been developing a collection of tools for evaluating and visualizing the local region surrounding the current values of the design parameters (DPs). An excellent example of such a tool, the DELIGHT performance comb ("p-comb"), is relatively old. Our version is shown in the constraint table of Fk.2. We have also developed a set of metrics for describing the insensitivity of specifications to DPs. These are based on insensitivity metrics used in CIFER@ [9] . CIFER@ uses maximum likelihood (ML) estimation techniques to estimate frequency responses of aircraft. Thus, the usual ML insensitivity metrics, such as the Cramer-Rao bound and the correlation between parameters, are appropriate tests of the success of the identification [ 101. Using similar metrics in a deterministic optimization problem requires a bit more justification.
The first, and key, point is that the aircraft data available to the control system designer is certainly not more accurate than perhaps three decimal places. Thus, any computation that requires more than three decimal places is unreliable. Secondly, it is common for designers to stop CONDUIT once a solution 424 satisfying all the specifications is found and before an optimum is reached. Thirdly, even when an optimum is reached it is usually a constrained optimum. All of these facts suggest that it is the first derivative of the specifications with respect to DPs that is the most relevant measure of sensitivity, not the second derivative.
If there are M specifications and N DPs, there are MN first partial derivatives of a spec with respect to a DP. This information needs to be The summation is over a selected set of specifications.
In general, _H is not invertible. However it is still ossible to invert &. The insensitivity of the i DP is defined to be: 
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The array of pair-wise correlation matrix is displayed to the designer as in Fig. 4 .
Note that this insensitivity is dependent on the selected set of specs. The insensitivity vector is displayed to the designer as in Fig. 3 .
When the matrix _His invertible we have two additional metrics. The first would be the Cramer-Rao (CR) bound if _H was really the Hessian. It is given by
CR, =Jfi
The subscript indicates that the bound is associated with the ith DP. The CR vector is displayed similarly to the insensitivity vector. The sensitivity tools are used differently at different stages of a CONDUIT run. Once a problem has been set up, we recommend that designers evaluate the insensitivity vector with all specs selected before running the first CONDUIT iteration. If all the specs are selected, a DP with infinite insensitivity indicates a DP that is not affected by any spec. In such a case, a relevant spec should be added or that DP should be set to a constant value (frozen). Otherwise, CONDUIT will do nothing to improve that DP and CONDUIT'S progress will be slowed.
The insensitivity is local. It is possible that the insensitivity is completely different for different values of the DPs. Thus, it may be appropriate to "thaw" a DP several iterations after it has been frozen. The insensitivity should be computed to determine if this is so.
Whenever CONDUIT'S progress slows significantly, we recommend that the designer check the insensitivity metria in order to determine the cause. In this case, only the active specs should be selected. Again, DPs with infinite insensitivity should be frozen. After this has been done, the insensitivity vector should be recalculated. Generally, additional DPs should be frozen until all the components of the insensitivity vector are of comparable size.
This should next be repeated for the vector of CR bounds. Once this is done, the correlation matrix is an accurate measure of the relation between individual DPs. At least one of any pair of highly correlated DPs should also be frozen. Once all of these steps have been taken, and the off-diagonal elements of the correlation matrix are reasonably small, CONDUIT will again make large progress at each iteration Generally, it is necessary to freeze enough DPs so that there is one DP that is not frozen for each active spec. If this does not result in a nonsingular Hessian, the likely cause is that two or more active specs are competing. We provide a menu selection that allows the user to create a one-dimensional plot of performance-as measured by the active specs-versus DPs. Once the user determines that two specs are competing, he has several options. He can eliminate, or relax, one of the competing specs. He can modify his design. Or, frequently, the competition among the specs has occurred after a satisfactory design has been achieved. In this case, the designer can simply accept the design.
Finally, we recommend that users check the sensitivity of designs that CONDUIT indicates are optimal. Good designs are reasonably insensitive to small variations in the DPs.
Current research and development:
Two key area of focus for research on CONDUIT are in the design of new control systems and understanding the sensitivity question more deeply. Two recent helicopter design studies [ 111 based on the RASCAL UH-60 and the Kaman SH-2G provide an excellent illustration of the current capabilities of CONDUIT and the value of the sensitivity tools in understanding the optimization process.
What are the tradeoffs among accuracy of computation, time needed to solve a problem, accuracy of the solution obtained, and repeatability of the solution obtained? CONDUIT will converge at slightly different optimal values for the design parameters when given different initial values. Yet, it has become apparent, based on the experience of system users, that the primary interest is in having a &, as opposed to an optimal, design. The fact that other good designs exist is neither surprising nor particularly interesting to most users. However, the sensitivity to the starting point is interesting to us and is being investigated.
